This study introduces alternative methods to determine the elastoplastic properties of bovine-derived Hydroxyapatite (HA) porous bone graft through a set of nanoindentation tests with a Berkovich indenter. Generally, experimental data obtained from nanoindentation tests are force displacement, hardness and elastic modulus. However, to determine plastic properties such as strength coefficient and work hardening exponent of bovine HA, analytical or inverse finite element models are required. In this paper, the effect of sintering temperature on these properties of HA is studied for the range of 1000-1400°C. The direct and inverse Finite Element (FE) simulation models for nanoindentation tests were written in MSC, MARC Ò software. A special algorithm for the inverse technique was developed to infer the most suitable elastoplastic material model for HA. A semi-empirical method was adapted to calculate the elastoplastic material properties of HA. The numerical results of harder hydroxyapatite showed better agreement with the experiments while the work hardening exponent, or n-value, and strength coefficient k of hard HA were found to be 0.23 and 8.05 GPa respectively. A comparison between the experimental and predicted load-displacement curves showed that the proposed inverse technique is effective in predicting the elastoplastic material properties from the nanoindentation test with error below 4% at maximum load.
Introduction
Hard tissue replacement materials and synthetic bone are widely considered owing to the lack of autograft materials and health risks posed by allograft. Hydroxyapatite is the dominant inorganic phase in natural bone. Synthetic hydroxyapatite particles, film, coating, fiber and porous skeleton are used broadly. HA has been extensively investigated recently due to its chemical and structural similarities to naturally occurring biological apatite in hard tissues. The main weakness of HA is that its mechanical properties are not as good as bone tissue, particularly the plastic behavior. Nonetheless, HA has a much higher elastic modulus ($120 GPa [1] ) than bone (<30 GPa for trabecular bone [2] ). Besides, HA is known as a brittle material while bone shows significant plastic behavior [3, 4] . The large differences in elastic modulus between HA and bone, as well as lack of plastic ability of HA result in greater stress concentration and fracture at the bone-material interface. Furthermore, from a material properties point of view, the elastoplastic behavior of HA remains unknown, including various hardening parameters and how to identify them. These factors define the mechanical behavior of HA and they are important to a material for bone substitution.
A general study has been performed on the mechanical properties of HA, including elastic modulus, hardness and strength. Abinitio technique was implemented to calculate the elastic constant and carry out a theoretical tensile experiment on stoichiometric hydroxyapatite crystal [5] . The deformation behavior was studied using structural analysis under various levels of tensile strain. Several attempts have been made to find the connection between porosity, elastic properties and fracture strength of sintered HA [6, 7] . To the best of our knowledge, however, proper micromechanical analysis of the effective elastoplastic properties has never been done; the shape of the pores was either unnoticed or assumed to be ideally spherical [6] . A research was performed on the role of microstructure and porosity on the mechanical behavior of sintered hydroxyapatite [8] . Also the effect of cell number, size and http://dx.doi.org/10.1016/j.matdes.2014.11.030 0261-3069/Ó 2014 Elsevier Ltd. All rights reserved. density on the mechanical behavior of polymer foam has been studied [9] . Work was only done experimentally to observe the porous influence and it was concluded that porous microstructure produces HA with plastic deformation properties. The dependence of the mechanical properties of sintered hydroxyapatite on sintering temperature was discussed [10] . The problem was clarified by concentrating on the elastic modulus, compression strength and micro structure of sintered hydroxyapatite on processing temperature. However, the previous work has been done on hardening parameters for alloy [11] but for HA the identification of elastic and plastic parameters remains unsolved. It is useful to consider sintering process of the powder base material to determine the influence over mechanical properties [12] . Generally, research has focused on elastic properties; consequently, the plastic area and actual microstructure of sintered HA is still unknown.
Compared with mechanical properties tests, the nanoindentation technique is an appropriate means of characterizing nanomechanical properties. A number of analysis approaches based on experimental and analytical research have been directed at many materials to extract the mechanical properties from the nanoindentation load-displacement curve. During loading, the typical load-displacement response generally follows the relation described by Kick's law, that is, P = Ch 2 with loading curvature C.
Based on Kick's law, mechanical properties are obtained from measured force-displacement curves, such as elastic modulus, yield strength, strain hardening, residual stress and creep behavior [13] [14] [15] [16] [17] . In this study, an analysis method for HA is implemented to extract the hardening parameters from the measured data set of load and displacement for Berkovich indentation.
The main goal in present paper is to obtain accurate mechanical properties for bovine hydroxyapatite through different alternative methods. The mechanical behavior of HA is investigated using Berkovich nanoindentation test to obtain the hardening parameters. FE-inverse model besides an analytical method is presented to identify the nonlinear elastoplastic mechanical properties. These methods are validated with existing experimental data under sintering temperature that has a significant role on HA mechanical properties. The proposed methods save time and provide low-cost compared with the experimental-numerical technique. The predicted results are discussed and concluded.
Materials and methods

HA powder preparation
Initially, bovine samples were supplied from a local slaughter house. The macroscopic adhering impurities and material were removed from the cortical bone in order to clean away any ligaments and tissue from the sample. The acquired bones were boiled in distilled water, and they were then dried in the sun to eliminate organic matter and collagen. A defatting process was implemented so that soot would not form in the heating step. A hacksaw was used to cut the samples into small pieces of 10 Â 10 Â 5 mm. The cut, rectangular bones were heated for 2 h in air at 900°C at a heating rate of 5°C/min to get rid of the organic matrix. With slow furnace cooling the samples returned to room temperature. A mortar pestle and sieve were employed to obtain HA powder. In this paper, the particle size considered was below 400 lm for the HA powder.
HA powder characterization
X-ray diffraction with a monochromated Cu Ka radiation model XRD 6000 Shimadzu was used to analyze the hydroxyapatite phases. Scanning speed and step were adjusted to 7°/min and 0.02°respectively. The Fourier transform infrared (FTIR) spectrum of the powder was identified with a Nicolet Avatar 360 FTIR spectrometer. The powder and KBr were mixed before FTIR analysis, and then they were pressed into pellets. During these processes, a scanning electron microscope (SEM: Hitachi S4200B) was used to test the bone samples and HA powder morphology. The samples were mounted on steel stub pins and afterward coated with palladium (Pd) using a sputter coater (E1030 Ion Sputter, Hitachi) in order to make a conducting layer and avoid charging in the microscope. The screening method (sieve shaker machine, Retsch AS200) was chosen to analyze the distribution of bovine HA powder particles. Screens were stacked starting with 20 lm, to 45 lm, 150 lm and 300 lm for screening analysis (the smallest opening size was placed at the bottom). 300 gr of the powder was placed on top of the screen stack, which was vibrated for 60 min. Subsequent to vibration, the powder in each size space was weighed and the interval percent was estimated for every size fraction. The particle size data points were mapped on a particle size distribution histogram.
Sample preparation
Using 20 mm cylindrical dies, the HA powder was compacted uniaxially at 156 MPa to form green bodies, which were then sintered in air atmosphere with no pressure at different temperatures, 1000, 1100, 1200, 1300 and 1400°C, at a furnace ramp rate of 5°C/ min and 2 h dwelling time. The disk-shaped HA samples were 3 mm thick and 10 mm in diameter.
Nanoindentation test
Indentation experiments were performed with a nanoindentation machine (Triboscope system, Hysitron Inc., USA). ISO 14577-4 [18] standard was followed for the nanoindentation test. A calibrated Berkovich indenter was used with included angle (a) 65.03°and radius of tip curvature of 150 nm, as shown in Fig. 1 . Diamond was used for the indenter with elastic modulus of 1140 GPa and Poisson's ratio of 0.07. The maximum indentation depths at which material properties become almost constant in the nanoindentation test were obtained with different maximum loads for different samples. For the HA samples at 1100-1400°C sintering temperatures, the maximum indentation load was equal to 4 mN to reach a maximum indentation depth of 150 nm. For the HA sample sintered at 1000°C, this depth was obtained by applying a load of 1.5 mN. At least five indentations were made at each load level on each sample. Poisson's ratio can be assumed a constant value of 0.2 in numerical analysis for ceramics [19] . The indentation force was applied for 30, 10 and 30 s for loading, holding and unloading respectively, with a constant speed.
Semi-empirical method
Extensive analyses of indentation data obtained with a wedgetype indenter revealed that for incompressible materials, the overall relationship between the hardness and yield stress r y of an elastoplastic material can be expressed as [20] :
where E is Young's modulus of the material, and n is a parameter which depends on the ratio of the yield stress and Young's modulus of the intended material. For hard metallic alloys and ceramics, n may be selected as 5 ffiffiffi 2 p =9 and 1, respectively. Material hardness is defined as the ratio between the applied force and the projected contact area. The actual projected contact area A m can be computed from the hardness value H and the maximum load of indentation P m using Eq. (2).
Reduced elastic modulus E can be obtained based on K m and the slope of the unloading curve at maximum force and maximum depth S m ¼ dP dh h¼hm [21] :
where c ⁄ is a computationally driven parameter that depends on the geometry of the indenter and its value for different indentation tests can be used to find the reduced elastic modulus for the indented material. For a Berkovich indenter, the c ⁄ value is 1.2370. For most materials, the curvature C may be expressed as a function of the characteristic stress r 0:29 E and r y [22] [23] [24] as formulated in Eq. (4): Procedure to determine the hardening parameters through a force displacement curve using nanoindentation data and inverse finite element technique. Table 1 Work hardening parameters of hydroxyapatite at different sintering temperatures as calculated from the semi-empirical model.
No.
Sintering temperature (°C) 
where A and B are constant and depend on the indenter geometry. The values of A and B are 6.02 and À0.875 respectively for a Berkovich indenter. r 0.29 is the stress which corresponds to the characteristic strain e r = 0.29 for the indented material under uniaxial compression. The characteristic strain is an important parameter in such analysis and should be carefully selected. Pervious FEM analyses for sharp indenters such as Berkovich and Vickers indenters suggests that e r = 0.29 [22] .
Simply, yield strain is calculated from e y = r y /E; consequently, the work hardening exponent can be computed from Eq. (5) 
À Á ð5Þ
The strength coefficient of the material is obtained using Eq. (6).
4. Direct FE model
The direct finite element model was made using MSC.Marc Ò software. Fig. 2 illustrates the two dimensional (2D) and three dimensional (3D) mesh designs of the entire model with a magnified view of the mesh design under a Berkovich indenter. In the 3D simulation, the HA sample was modeled into a cylindrical shape rather than cubic in order to obtain proper mesh design in three radial directions. In the nanoindentation simulation, the indented surface is a free surface; the shape does not significantly affect stress distribution if the surface is considered large enough. The indenter and HA were considered rigid and elastoplastic materials, respectively. The mechanical properties of hydroxyapatite were calculated based on the analytical method and experimental data. These HA properties were used in the simulation to obtain nearly the same force-penetration depth as the experimental nanoindentation test results. In this study, the numerical analysis steps include only loading and unloading but not holding since the strain rate is not reflected in the material properties. Two methods were chosen to obtain a displacement-load curve from the FE model, which are force control and displacement control. Force control was adjusted according to the indentation force applied in the experiments; the maximum depth of indentation was implemented in the displacement control method. In the 3D model, only displacement control was used.
As the nanoindentation test was assumed to be quasi-static, the strain rate sensitivity was not considered. The adopted meshes are 4-node plain stress quads and 8-node 3D solid elements for 2D and 3D respectively. The contact between the indenter and the sample surface was modeled as rigid to deformable. Throughout the analysis, the nodes of the back face of the sample were constrained against displacement in the x-and y-directions for 2D and plus z-direction for 3D. The total deformation was calculated by the axial component of nodal displacement in the load direction for the node touching the indenter tip. Table 1 for different sintering temperatures, 1000, 1100, 1200, 1300 and 1400°C in 2D and 3D.
The output results of the finite element model are very sensitive to element size; therefore, it is necessary to check the effect of element size on result accuracy. Five different discretization models and non-uniform elements were used for the nanoindentation simulation of the displacement control models. The number of elements was increased by subdividing the elements into 2, 3, 4 and 5 divisions. The numbers of elements used were 2880 and 3840 for the 2D and 3D models respectively. Fig. 3 shows a comparison between the obtained force-displacement curves for HA sintered at 1200°C. It is clear the four different discretization models are satisfactory and the accuracy cannot be improved beyond 5 times of subdivision. Therefore, the model with the lowest number of elements was adopted for the current investigation in order to reduce the number of calculations.
Inverse FE model (for given material properties)
The main idea behind the present inverse FE model is to compare the force displacement data of the finite element simulation of the indentation test against the experiment until a good match is achieved. The outlined procedure of the inverse technique for identifying the material parameters is represented graphically in Fig. 4 . The considered technique requires the experimental force displacement data from the nanoindentation experiment and elastic parameters of the HA specimen. For given material parameters n and k of the power hardening law, the model will predict the plastic modulus and force displacement curve. The predicted forces are compared with the experimental results until a good match is achieved. It is assumed the material is homogenous, isotropic and obeys the von Mises yield criterion. Fig. 5 explains the iterative procedure of the suggested inverse FE model for determining the hardening parameters (n and k) from experimental indentation data. The suggested inverse FE model is based on the displacement control technique. After each solution step, deviations of the predicted force displacement from the experiments are calculated. If the difference between the numerical and experimental loads at maximum load is less than or equal to 4% and the overall error is less than 10% then the material parameters are considered optimum. It is a noteworthy flow model represented by Eq. (6), and it was adopted through the finite element simulation. This procedure is followed for all test samples.
Results and discussion
In order to validate the suggested analytical method for direct and inverse FE models, comparisons between measured and predicted load displacement curves for nanoindentation testing have been done at different n and k values. Table 1 summarizes the work hardening parameters at different sintering temperatures of hydroxyapatite as obtained from the analytical method, whereas those predicted by the inverse technique for 2D and 3D models are given in Table 2 . Tables 1 and 2 indicate that the hardening parameters estimated by the inverse technique for 2D and 3D models agree well with those calculated with the analytical method. The effects of sintering temperature on force displacement curve mesh deformation, stress strain curves and hardening parameters were investigated.
Force displacement curves
Force displacement curves are depicted in Fig. 6a-d as obtained from experimental data and finite element analysis. These curves were calculated with the analytical method for the indentation tests and FE results at different sintering temperatures. The force displacement curves can be divided into loading, holding and unloading. The holding part is observed at maximum force according to experimental results (Fig. 6a) , whereas it was not modeled in the finite element simulations. In the experiments, due to the pores in the underlayers, the steps can be seen in the force displacement curves through the loading part.
Maximum force, maximum depth and residual plastic deformation are the three main parameters that characterize the force displacement curves. In the finite element model maximum force and depth were applied to the indenter for force control and displacement control respectively. As seen in Fig. 6 , for different sintering temperatures the predicted values of these three parameters are in good agreement with the experimental results.
Generally, for the harder samples, the FE analysis and experimental curves show a more similar trend. The sintered HA-1200°C sample has the highest elastic modulus of 150.3 GPa and hardness of 6.46 GPa. The HA was studied as a bulk material however crystalline HA has higher elastic modulus because basically HA is anisotropic material which shows different mechanical properties in different directions [5] . Fig. 6 indicates adequate estimation of elastoplastic properties and consequently, an accurate FE model. However, the estimated force displacement curve for the HA-1000°C sample does not match well with the experimental data; as in the current simulation, the strain rate parameter was not considered but the effect of this factor in harder (brittle) materials can be neglected.
According to Tables 1 and 2 and Fig. 6 when the work hardening exponent n increases and work hardening rate parameter K decreases, the material exhibits more plastic behavior. The HA-1000°C sample has the lowest hardness value of 1.51 GPa, while if the temperature increases to 1200°C, the hardness value is at a maximum. By raising the sintering temperature the HA sample displays a more inelastic trend and the hardness value reaches 4.29 GPa at 1400°C sintering temperature. In comparing the 2D and 3D models, the trends of the 3D force displacement curves are in better agreement with the experimental results. It is preferable, however, for the 2D simulation to be used rather than the 3D method since the 2D models save time for solving the problem.
The displacement and force control methods overestimate the load and displacement values in comparison with the experimental results. The divergence between the anticipated and experimental results could be due to the pile-up phenomenon. Oliver and Pharr's proposed method is best applied when no pile-up occurs but some sink-in takes place when the sample is indented. In the case of pileup, contact depth is always greater than the total depth of indentation, thus the projected area is always underestimated [19] . This underestimated area may lead to overestimating both hardness and reduced elastic modulus values; however it has significant effects on hardness value. This ensures the quality of the FE model and response of the material model used in the simulation. It is worth noting that the porosity of HA is not considered in the analysis. The porosity is one of the parameters which is able to influence on mechanical behavior of HA [8] . Although in the present work only the sintering temperature was considered. The effect of porosity was assumed as constant parameter for each sintering temperature. This effect can be observed with varying pores density and size [9] . However, the indented surface is nearly the same for both numerical and experimental images. The solidarity assumption is approximately valid since the inverse FE model is based on matching the experimental and numerical force displacement curves. This means the effect of prosperity is inherently included in the analysis.
Mesh deformation
Effect of sintering temperature on r-e curves
The equivalent stress and strain curves obtained from the numerical analysis for the 2D and 3D models are plotted in Fig. 8 . The power law (r = Ke n ) is used to fit the experimental data and validate to what extent the models' mechanical behavior follows that material's model. In the FE simulations, the material models were assumed isotropic; consequently, the anisotropy properties could not influence the stress-strain curves. The stress and strain distributions in all directions were expressed in terms of the equivalent value. Fig. 8 shows the differences between the stress-strain curves for 2D and 3D and the predicted power law. The differences are significant for harder HA-1200 and 1300°C samples, especially when using the 3D model. It is worth mentioning that an increasing sintering temperature curve enlarges stressstrain. This may be attributed to the large grain size of HA samples sintered at higher temperature.
Effect of sintering temperature on hardening parameters
The influence of sintering temperature on the hardening parameters n and K as well as elastic modulus E, is shown in Fig. 9 . The n and K values are average values obtained from the inverse technique and analytical method (Tables 1 and 2 ) whereas the elastic modulus E is obtained directly from the nanoindentation tests. In order to predict the behavior of mechanical properties with sintering temperature, the trend of elastoplastic parameters was fitted and the related equations are given in Fig. 9 . It is observed that there is a critical sintering temperature range between 1200 and 1300°C, in which the E and K values are maximum and the n value is minimum. This explains why the HA-1200 and 1300°C samples are harder, and show more brittle behavior and less plastic deformation. The sintering process in the previous work [12] revealed significant effects on the hardness of powder based materials as same as HA.
Conclusions
The extraction of the elastoplastic properties of hydroxyapatite from nanoindentation tests has been studied by analytical means, direct FE model and inverse FE technique. The nanoindentation experiments were carried out at various sintering temperatures. FE solution-based force and displacement control were validated by experimental results. The inverse technique and analytical method predicted good estimation of hardening parameters. The plastic properties of hydroxyapatite were calculated with the presented algorithm. It was found that the mechanical properties changed with temperature. HA samples showed the highest elastic modulus and hardness at 1200°C, and the numerical model was in good agreement with the experimental results. The work hardening exponent n varied from 0.21 to 0.39 and the work hardening exponent ranged from 4.92 to 8.05 GPa. The finite element results were more similar with nanoindentation experimental data for harder samples, especially for the peak E and K values, whereas the minimum value of n was at 1250°C.
The results presented here are useful not only for hydroxyapatite indentation but also for other mechanical analyses with different loadings on HA, even the coated form. Although this study was accomplished on a nanoscale, a proper material model (elastoplastic) was characterized in order to implement it to the finite element model for various analyses. Furthermore, the calculated elastoplastic behavior of HA can be used in a multi-scale modeling framework to predict the mechanical response of artificial or natural hard tissue.
